Polarized negative muons were used to study relaxation mechanisms of shallow acceptors in germanium.
1. Introduction. Germanium is one of two elemental semiconductors widely used in technological applications. However, the hyper ne interaction and the relaxation mechanisms of shallow acceptor centers (AC) in germanium have not been thoroughly studied so far. It is commonly assumed that in semiconductors with the diamond crystal structure the ground state of the acceptor center is four-fold degenerate, and this leads to a very high relaxation rate of the acceptor center magnetic moment due to interaction with phonons 1]. Many attempts to observe shallow acceptors in the paramagnetic state in these semiconductors by the ESR method were unsuccessful 2]. It is worth mentioning that recently superconductivity has been discovered in heavily gallium-doped germanium 3].
The probability for the gallium acceptor in germanium at thermal equilibrium to be paramagnetic is shown in Fig. 1 . The calculation was done for the gallium concentration of 3 10 14 cm 3 . As is seen, at temperatures below 10 K the acceptors are paramagnetic, i.e. the holes are localized at the impurity atoms. As the acceptor impurity concentration increases, the onset of a decrease in the probability slightly moves to higher temperatures. The critical concentration of Ga atoms in germanium corresponding to the Mott transition is 1:86 10 17 cm 3 
5].
Contribution to the relaxation of the magnetic moment of the acceptor center can come from its interaction with phonons and other paramagnetic centers including the neighboring acceptors and from the spin-exchange scattering of free charge carriers on the acceptor. At 1) e-mail: tmamedov@jinr.ru temperatures below 10 K the concentration of free charge carriers is low and the contribution of the spin-exchange scattering mechanism is negligible.
As rst suggested in 6], at some concentrations of acceptors in a semiconductor their quadrupole interaction can make an appreciable contribution to the relaxation of the AC magnetic moment. Within the framework of the e ective mass theory it was shown that a shallow acceptor center in germanium has a nonzero quadrupole moment, and an explicit expression for the energy of quadrupole interaction between nearestneighbor acceptors as a function of the mean distance was obtained.
744
In the present experiment polarized negative muons were used to study interactions of the gallium acceptor impurity in germanium. Implanted into a medium, the negative muon is slowed down and captured by a host atom. The Bohr radius of the muon in the 1s-state is 207 times smaller than that of the electron, and the muon e ectively screens a unit of the positive charge of the nucleus. Therefore, in germanium the muonic atom imitates the gallium atom, which is known to form a shallow acceptor center. The interactions of the muonic atom with the medium, and accordingly that of the Ga acceptor, can be studied by studying the behavior of the muon-spin polarization.
2. Measurement. The measurements were carried out with the GPD spectrometer at the Swiss Muon The SR spectra (time distribution of electrons from the ! e decay) were tted by the following function:
N(t) = N 0 exp( t= ) 1 + aP(t)] + Bg ; P(t) = P 0 exp( t) cos(!t + ') ;
where N 0 is proportional to the number of muons stopped in the sample; is the life time of the negative muon in the 1s-state in the germanium atom; a is the asymmetry coe cient of the space distribution of the decay electrons; P(t) is the projection of the muon polarization onto the direction to the electron telescope; P 0 is the muon polarization in the 1s-state at t = 0; is the relaxation rate of the muon spin polarization; ! and ' are the frequency and the initial phase of the muon spin precession in the magnetic eld; Bg is the uncorrelated background.
The muon life time in the 1s-state in germanium is 166.5 ns 8]. This means that about 92% of muons disappear captured by the nucleus, and only 8% of them decay with emission of an electron. Accordingly, the data acquisition rate in this experiment is rather low.
3. Results and discussion. The time dependence of the muon-spin polarization in the n-type Ge sample at 6 K is shown in Fig. 2 . Analogous time spectra were also observed at temperatures 0.3, 3.1, 10, Fig. 2 . Negative muon spin polarization A(t) = aP(t) in the n-type Ge sample at 6 K and 15 K. The Fourier analysis of the SR histograms (see Fig. 3 ) reveals a single peak at the frequency corre- In contrast to n-type germanium, in p-type samples at low temperatures relaxation of the muon spin was observed (see Fig. 4 ). . This is close to that predicted theoretically in the high-temperature limit in the absence of external magnetic elds for the singlephonon process: ph T 6] . For the Raman process one can expect, similar to the case of silicon, a much stronger temperature dependence of the relaxation rate: ph T , 3 . . 5 9, 13, 14] .
Using the present experimental data on the muon spin relaxation rate in the sample with the Ga concentration of 5:0 10 ), we estimate the hyper ne interaction constant for the muonic atom in germanium to be A hf ( Ga) h 1:5 MHz. Taking into account the ratio between the magnetic moments = N and the spins S =I of the muon and the nucleus of Ga, and the relation A hf (Ga)=A hf ( Ga) = ( N = )(S =I), we estimate for the rst time the hyper ne interaction constant for the gallium acceptor in germanium as A hf (Ga) h 0:11 MHz.
In summary, it is shown that at the concentration of gallium impurity in germanium 5:0 10 15 cm 3 the quadrupole interaction between the acceptor centers plays the dominant role in the relaxation of the acceptor center magnetic moment. For the rst time the hyperne interaction constant for the gallium acceptor center in germanium is estimated as 0:11 MHz.
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